Aim/hypothesis. The renin-angiotensin-aldosterone system is important in diabetic nephropathy, with the angiotensin-converting-enzyme DD-genotype being a renal risk factor. The D-allele is associated with higher ACE concentrations, but functional consequences in diabetes mellitus are not known. To analyse these consequences, we assessed renal and systemic responsiveness to angiotensin I infusion, with the response to angiotensin II as reference. Methods. Uncomplicated Type 1 (insulin-dependent) diabetic patients with contrasting genotypes (11 II and 11 DD) were studied, during low (50 mmol/24 h) and liberal (200 mmol/24 h) sodium diet, during a euglycaemic clamp. Angiotensin I was infused at 4 and 8 ng·kg −1 ·min −1 , 1 h each, followed by infusions of angiotensin II after a 2-h wash-out period. Results. During low sodium, DD-homozygotes showed higher blood pressure sensitivity to angiotensin I (DD 21±5% vs II 15±5%, p<0.01). With liberal sodium, no differences in blood pressure were detected, whereas angiotensin I induced a higher response of ERPF (DD 40±5% vs II 35±4%, p<0.05) and RVR (DD 105±20% and II 89±16% p<0.05) in DD-homozygotes. Differences were not explained by altered angiotensin II sensitivity. Multiple-linear regression analysis showed that angiotensin I induced responses of blood pressure and renal haemodynamics are higher in subjects carrying the DD-genotype. The magnitude of the responses was modulated by sodium intake and long-term glycaemic control. Conclusion/interpretation. This study showed that responses of blood pressure and renal haemodynamics to angiotensin I are increased in diabetic subjects carrying the DD-genotype. Genotype-associated differences in ACE concentrations could, under certain circumstances, have functional consequenses in uncomplicated Type 1 diabetes mellitus. [Diabetologia (2003[Diabetologia ( ) 46:1131[Diabetologia ( -1139 
DD homozygotes, lowest in II homozygotes and in between values in heterozygotes [8] . There is evidence to suggest that renal [9] and vascular tissue ACE also relate to ACE genotype [10, 11] . The functional significance of the increased ACE concentrations is so far unclear. In a pharmacological set-up in normal volunteers, we [12] and others [13] found evidence that increased ACE concentrations in the DD-homozygotes can have functional consequences, as in the DD genotype infusion of pharmacological doses of AngI leads to an enhanced response of blood pressure and renal function as compared to the II genotype. This raises the possibility that the genotype-associated differences in ACE concentrations modulate RAAS-function. In diabetic patients the functional consequences of higher ACE concentration in the DD genotype are not known. This question deserves specific interest because Type 1 and Type 2 diabetes as such can be associated with increased ACE concentrations [14, 15] .
Therefore, we investigated the responses of blood pressure, renal haemodynamics and RAAS-hormones to AngI, with the responses to AngII as a reference. We studied subjects with Type 1 diabetes mellitus, who were normotensive and normoalbuminuric and in sufficient metabolic control. All subjects were studied on a low as well as a liberal sodium intake, because in previous studies in renal patients [7] and in healthy volunteers [12] we found an interaction between ACE genotype and sodium status.
Subjects and methods
We studied 22 diabetic patients. All participants gave their written informed consent for the study, which was approved by the local medical ethics committee. Patients were considered insulin-dependent because of ketosis-prone diabetes and an onset of disease before the age of 35 years. All had a diabetes duration of at least 2 years. Patients were selected for ACE (I/D) genotype (11 II vs 11 DD) . Eligible subjects had normal findings on physical examination and no previous medical history of cardiovascular disease. Blood pressure had to be below (systolic/diastolic) 140/90 mmHg. Nephropathy was excluded, with serum creatinine less than 120 umol/l and no signs of microalbuminuria (urinary albumin <30 mg/24 h). Metabolic control had to be acceptable, with the inclusion criterion of HbA 1c less than 8.5% (mean±SD: HbA 1c 7.3±0.5%). Patient characteristics for both groups are shown in Table 1 .
Study design. All participants were studied on two occasions, after they had adhered to a low (50 mmol sodium/day) and a liberal (200 mmol/day) sodium diet, according to a study design similar to that in a previous study in healthy sujects [12] . The diets were applied in randomised order, after instruction by an experienced dietician. For each study day, subjects were instructed to maintain the prescribed sodium diet during the 7 days preceding the study day. Sodium restriction induces RAAS activation within 3 days, with concurrent sodium balance [16] . A period of 7 days has been shown to be sufficient for stabilisation of circulating hormones [17] . Potassium intake was standardised at 100 mmol/day. During the diet patients were ambulant and continued their daily activities, refraining from heavy exercise. Compliance to the diet was checked 3 days before each study day by 24-h urine collections to ensure inclusion only when dietary compliance was good. In addition, 24-h urine was collected the last day before each study day (Table 1 ). Female participants were tested in the mid-luteal phase of their menstrual cycle.
After an overnight fast and having refrained from alcohol and caffeine-containing drinks for 12 h, the participants reported at the research unit at 8:00 am. Intravenous catheters were inserted into each forearm for infusion and drawing of blood samples. During the whole study, the participants remained in a semirecumbent position in a quiet room. Patients received a low insulin infusion (30 mU·kg −1 ·h −1 ) and blood glucose was kept at 5 mmol/l by varying the infusion rate of a glucose infusion (dextrose 20% to which 20 ml/l KCl was added to prevent hypokalaemia), in order to minimize the effects of variations in glycaemia on systemic and renal haemodynamics [18, 19] . To this purpose blood glucose was measured every 10 min on an APEC glucose analyser (APEC Inc, Danvers, Mass., USA). With this regimen, peripheral insulin concentrations are stable at approximately 30 mU/l [20] . Each study day, sodium intake was adjusted according to the prescribed sodium diet. The first 2 hours (from 8-10 am) served for equilibration of the renal-function tracer, and for stabilisation of blood glucose concentrations.
Blood pressure. BP was measured with a semi-automated device (Dinamap 1846, Critikon, Tampa, Fla., USA) at 15-min intervals, except during the angiotensin infusions when blood pressure was recorded every 5 min. MAP was calculated as diastolic blood pressure plus one-third of the pulse pressure (mmHg).
Renal function measurements. Glomerular filtration rate and effective renal plasma flow (ERPF) were measured by constant infusion of radiolabelled tracers, 125 I-iothalamate and 131 I-hippurate, respectively [21] . After drawing a blank blood sample, a priming solution containing 0.4 ml/kg body weight of the infusion solution (0.04 MBq of 125 I-iothalamate and 0.03 MBq of 131 I-hippurate) plus an extra of 0.6 MBq of 125 I-iothalamate was given at 8:00 am, followed by infusion at 12 ml/h. To attain sta- ble plasma concentrations of both tracers, a 2-h stabilisation period followed, after which baseline measurements started at 10:00 am. The clearances were calculated as (U*V)/P and (I*V)/P, respectively. U*V represents the urinary excretion of the tracer, I*V represents the infusion rate of the tracer; P represents the tracer value in plasma at the end of each clearance period. This method corrects for incomplete bladder emptying and dead space, by multiplying the urinary clearance of 125 I-iothalamate with the ratio of the plasma and urinary clearance of 131 Ihippuran [21] . The FF was calculated as the ratio of GFR and ERPF and expressed as a percentage. RVR was calculated as MAP divided by ERPF. GFR and ERPF were corrected for 1.73 m 2 of body surface area. This method has a day-to-day variation coefficient of 2.5% for GFR and 5% for ERPF [21] .
Angiotensin infusions. Baseline values for BP and renal haemodynamics were obtained from 10:00 to 12:00 am. From 12:00 am to 02:00 pm, Ang I (Clinalfa AG, Switzerand) was administered in the left antecubital vein in a dose of 4 ng·kg −1 ·h −1 in the first hour and 8 ng·kg −1 ·h −1 in the second hour. After a washout period from 02:00 pm to 04:00 pm, Ang II (Clinalfa AG, Switzerland) was administered from 04:00 pm to 06:00 pm in a dose of 4 ng·kg −1 ·h −1 in the first hour and 8 ng·kg −1 ·h −1 in the second hour.
Laboratory measurements. Venous blood samples were taken at the end of each clearance period. Blood was drawn from an intravenous catheter inserted into the right antecubital vein. Blood samples were immediately centrifuged at 4°C and the samples were stored at −20°C before assay. Serum ACE activity was measured with an HPLC-assisted assay, as the generation of Hip from the substrate Hip-His-Leu. Normal values in our laboratory range from 10 to 40 U/l [22] . PRA was measured with a commercially available double-antibody RIA (Nichols Institute Diagnostics, San Juan Capistrano, Calif., USA). HbA 1c was measured by HPLC (Bio-Rad, Veenendaal, The Netherlands; normal range 4.6 to 6.1%).
Statistical analysis and calculations. Data are given as means ± SD. The average of the BP values measured from 10 to 12.00 am (at 15-min intervals) were used as baseline BP values. The percent change in MAP during a given infusion step of AngI was analysed as the average of all MAP values measured during the 1-h infusion period (at 5-min intervals). The average of the BP values measured from 3:00 to 4:00 pm (at 15-min intervals) were used as recovery values, to which the BP responses to AngII infusion (at 5-min intervals during both infusion steps) were related for calculation of percent changes. The variation in the sequential bloodpressures was below 5% for each different time interval during the study day. For renal haemodynamics, the average values of the 2-h baseline clearance period (10-12 am) were used as baseline values. Differences between absolute mean values obtained during baseline and during the different infusion steps within each group were compared using one-way ANOVA, with post hoc Bonferroni adjustment for multiple comparisons. The AngI infusions were compared with baseline, while the AngII infusions were compared with baseline and recovery. Between genotype-group differences were tested using Student's t tests for unpaired variables. The liberal and low-sodium data within each group were compared using paired samples Student's t tests. Bivariate correlations were estimated by Pearson correlation coefficients. Multivariate regression analysis was conducted using linear regression models to analyse the systemic and renal responses to infusion of AngI for effects of possible confounders. Independent variables tested were ACE-genotype, sodium status (categorical variables), HbA 1c and AngII sensitivity (as the percentage increase to infusion of AngII in the same person). Two-sided p-values less than 0.05 were considered to be stastistically significant.
Power analysis, based on recent data in healthy subjects [12] , showed that nine patients in each contrasting genotype group were required to detect an 80% difference in BPresponse with a two-sided α of 0.05 and a power of 80%.
Results
The groups were not different with respect to diabetes duration, BMI and sex distribution. Body weight was slightly higher on liberal sodium intake. Metabolic control was-by selection-adequate in both groups ( Table 1 ). Compliance to the low as well as the liberal sodium diet was satisfactory in both groups. As expected, plasma ACE concentrations were higher in the DD group and were not modified by sodium intake.
During sodium restriction, there were numerical differences between the genotype groups in baseline ERPF and RVR that did not reach statistical significance ( Table 2 ). Infusion of AngI caused significant dose-dependent increases in MAP, RVR and aldosterone and decreases in GFR, ERPF and PRA, with almost complete recovery during the 2-h wash-out (Table 2). The percentage change from baseline for MAP (Fig. 1) . On univariate analysis the blood pressure response to AngI was more pronounced in the DD subjects than in II subjects (DD: 21±5% vs II: 15±5% on 8 ng·kg −1 ·min −1 p<0.05). This difference was not explained by an enhanced responsiveness to AngII (DD: 22±7% vs II: 28±9 on 8 ng·kg −1 ·min −1 , NS). On univariate analysis, no differences in ERPF responses to AngI were detected during the low sodium diet, whereas RVR response tended to be more pronounced in DD subjects (DD: 78±16% vs II: 63±23% on 8 ng·kg −1 ·min −1 , p<0.08).
During liberal sodium no differences in the increase in MAP were found. Sodium intake (low sodium 1, liberal sodium 2) and ACE-genotype (II-genotype 1, DD-genpotype 2) were included as categorial variables in the models.
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ters were similar for the genotype groups. AngI elicited the expected dose-dependent increase in MAP, RVR and aldosterone, with decreases in ERPF, GFR and PRA. The percentage change from baseline (AngI) and recovery (AngII) are shown (Fig. 1) . On univari- ate analysis the decrease in ERPF was more pronounced in DD subjects than in II subjects (DD: −40±5% vs II: −35±4%, p<0.05). Accordingly, the rise in RVR was more pronounced in DD subjects (DD: 105±20% vs II: 89±16%, p<0.05). These differences in AngI response were not explained by differences in AngII response (ERPF: DD: -36±5% vs II: −34±7%, NS; RVR: DD: 116±33% vs II: 111±20%, NS). Multivariate regression analysis was done to test whether differences in AngI response between the genotypes might be influenced by sodium intake and glycaemic control as possible confounders, with AngII response as a covariate. Significant multivariate models were obtained for the responses of MAP, ERPF and RVR (Table 4) . As anticipated, AngII response was included in all models. ACE genotype was included as an independent determinant in the models for MAP, ERPF and RVR, albeit with a partial correlation coefficient of only borderline significance for the ERPF model. The contribution of HbA 1c disappeared by inclusion of AngII responsiveness in the model, indicating that HbA 1c had an effect on AngI response, but that this effect was due to an effect on AngII responsiveness, with a larger response in subjects with higher HbA 1c . The univariate relationships between HbA 1c and the response of MAP, ERPF and RVR to infusion of AngI are shown in Fig. 2 
Discussion
This study provides the first data on the responses of blood pressure and renal haemodynamics to Ang I and Ang II in patients with uncomplicated Type 1 diabetes mellitus, with contrasting ACE (I/D) genotypes. As anticipated, the magnitude of the responses to AngI and AngII was modulated by sodium intake. Moreover, the pressor responses were modified by prevalent glycaemic control. By multivariate analysis accounting for these modifying factors, we were able to show that the responses of blood pressure and renal haemodynamics to a pharmacological dosis of AngI are more pronounced in subjects with the ACE DD genotype than in II genotype, which could not be explained by enhanced sensitivity to AngII in the DD genotype. These data suggest that genotype-associated differences in ACE concentrations might, at least under certain circumstances, have functional consequences for RAAS-mediated responses.
Increased conversion of AngI to AngII, secondary to the higher ACE concentrations, has been suggested to be a mechanism underlying differences in cardiovascular and renal prognosis in subjects with DD genotype, compared to I-allele carriers. Several studies in non-diabetic subjects tested this hypothesis by investigating whether enhanced responses to exogenous AngI are present in DD genotype [12, 13, 23, 24] . Data, however, are conflicting [13, 24] . Interaction with the level of background RAAS-activity could be involved in the discrepancies, as suggested by data during pre-treatment with renin-blockade [24] , and by the effect of sodium intake [12] . In the latter study, our group has found that the effect of ACE genotype on AngI responses was not limited to blood pressure response, but also applied to renal haemodynamics. In the healthy subjects, sodium restriction was able to ameliorate the observed differences. Our present study applied such a design in Type 1 diabetic subjects and shows that the gene-environment interaction for the ACE-gene polymorphism is even more complex, as not only sodium status but also glycaemic control (as reflected by the HbA 1c value) seems to be a relevant contributor to the eventual phenotype.
Considering previous evidence, we took into account the effects of possible gene-environment interaction. Therefore we assessed the interaction with sodium status on two different sodium intakes. Our data show that the magnitude of the AngI and AngII responses was larger during liberal sodium intake as an independent variable in the multiple regression analysis. This is in accord with similar findings in normal subjects, and has been attributed to up-regulation of the sensitivity of AngII receptors during high sodium intake [25, 26, 27] . On multivariate analysis we found that sodium intake also modified the effect of ACE genotype on AngI response, independent from AngII response. The mechanism underlying this interaction between sodium status, ACE genotype and AngI responsiveness may be related to effects of sodium status on tissue AngI conversion [28] . However, genotype-associated effects of differences in baseline values during the different sodium intakes might also be involved. During both sodium intakes, preinfusion renal haemodynamics were different for the contrasting genotypes with a higher ERPF with a lower RVR in DD homozygotes. The difference, however, only reached statistical significance during liberal sodium intake. These differences in baseline renal vasomotor tone imply that the more pronounced net response of ERPF to AngI in DD-subjects should be interpreted with caution. It cannot be ascertained from our data whether the larger net response of ERPF and RVR in DD-subjects is due to a higher vasoconstrictive responsiveness to AngI as such, or to differences in preinfusion renal vascular tone.
The difference in pre-infusion renal haemodynamics during liberal sodium consumption (i.e. a sodium intake that is more or less ubiquitous in western societies) seems to be at variance with data from the literature. In a previous study in young, uncomplicated Type 1 diabetes mellitus, renal haemodynamics were related to the ACE-genotype, with the II-carriers having a higher GFR and ERPF [29] . These differences were attributed to augmented intrarenal AngII activity in the DD genotype, resulting in a lower GFR and ER-PF. This is in accordance with a study using duplex Doppler sonography reporting an increased resistance index of renal arcuate arteries in young patients with uncomplicated diabetes carrying the DD-genotype [30] . Our baseline data suggest the opposite. We found a state of more vasodilation in the DD-genotype, especially during liberal sodium intake. This might point towards a propensity to develop glomerular hyperfiltration in the DD-genotype-a harbinger of the development of diabetic nephropathy [31, 32] . There are, however, important differences between our study population and those from the above, which could explain these seeming discrepancies. Our patients had an average duration of 12.3 years, compared with 3.4 and 6.5 years, respectively, in the above studies. Furthermore, glycaemic control, as judged by the HbA 1c value, was better in the present study.
The diabetic subjects were tested using euglycaemic clamp, with low-dose insulin infusion, to avoid disturbing effects of short-term fluctuations in glucose concentrations. Glycaemic control modifies RAAS-activity, as acute hyperglycaemia induces RAAS activation [33, 34, 35] , and refraining from the euglycaemic clamp condition would have most likely exerted bias in renal function [19] . Insulin, on the other hand, is known to induce sodium retention, vasodilation and stimulation of sympathetic activity [36, 37, 38, 39, 40] , which also could have influenced our results. However, the low dose of insulin that we used provides stable peripheral insulin concentrations of approximately 30 mU/l [20] , i.e. slightly below the average insulin concentrations during daily life in diabetic patients. Therefore, our experimental conditions during the renal-function studies more or less mimic those in a well-regulated diabetic patient during daily life.
To avoid possible effects of long-term glycaemic status on RAAS-activity and RAAS-responsiveness, subjects with poor glycaemic control (HbA 1c >8.5) were excluded and consequently glycaemic control was satisfactory, as indicated by a mean HbA 1c of 7.3 and 7.5% in II-and DD-homozygotes, respectively. Despite this selection, HbA 1c was found to modify the overall responses to AngI and AngII of MAP, ER-PF and RVR, which could be attributed to an effect on AngII responsiveness. This interaction was apparent during liberal sodium intake ( Fig. 2) but did not reach statistical significance during low sodium intake. Whether this reflects a true biological interaction between glycaemic control and sodium status or less power during low sodium intake with smaller overall responses cannot be ascertained from our data. Nevertheless, these findings, obtained at pharmacological doses of angiotensin, raise the possibility that the haemodynamic consequences of a given concentration of AngII are modified by glycaemic status, which could have clinical implications. There is hardly any literature about the influence of long-term glycaemic control on pressor sensitivity. An increased renal haemodynamic response to ACE-inhibition in patients with a higher HbA 1c has been reported, indicating more pronounced RAAS activation [41] . Interactions between ACE-genotype and glycaemia-induced renal haemodynamic changes have been described. II-homozygotes were found to be resistant to glomerular changes induced by hyperglycaemia (preglomerular vasodilation), and II-carriers do not develop high glomerular capillary hydraulic pressure in response to hyperglycaemia, which has been suggested to provide a physiological basis for a reduced risk for nephropathy [42] . Recently, the deleterious effects of the DD-genotype were found to be most pronounced in people with poor glycaemic regulation [3] . To provide better evidence on interaction between prevalent glycaemic control and the effect of the ACE-genotype in diabetes, studies of different designs would be needed, studying a wider range of glycaemic control, and controlled studies comparing the effects of regimens of intensified versus conventional glycaemic control.
In our experimental set-up AngI responses were studied with AngII responses obtained during the same experiment as reference value, as AngII responsiveness is a main determinant of AngI responsiveness, also confirmed by our present data. This approach was chosen to avoid day-to-day differences between the AngI and AngII infusions. As the primary data were those on AngI response, the AngI infusion preceded the AngII infusion in fixed order, to avoid possible bias due to the preceding infusion. As a consequence, however, our data do not allow firm conclusions on AngII sensitivity as such-as recovery 2 h after AngI infusion was not always complete. However, as incomplete recovery was seen in both genotypes and we only used the AngII responses as an individual reference value, we consider our data to be valid for the multiple regression analysis.
In conclusion, in uncomplicated Type 1 diabetes mellitus the responses of blood pressure and renal haemodynamics to supraphysiological dosis of AngI are modulated by ACE-genotype and by sodium intake. The ultimate haemodynamic response to AngI, moreover, is also determined by the effects of long glycaemic control on AngII sensitivity. These data suggest that, under specific conditions, the ACE genotype could have functional consequences for RAASmediated (patho-) physiological responses.
